To determine whether function is depressed in areas of myocardium adjacent to an area of myocardial ischemia, 16 open-chest dogs were studied with both two-dimensional echocardiography and ultrasonic microcrystals. Regional myocardial blood flow was measured with radioactive microspheres during control periods and after coronary arterial ligation. Segments of myocardium adjacent to the area of ischemia were found to have no significant change in transmural blood flow (1.02 0.38 ml/g/min control vs 0.95 + 0.3 ml/g/min after ligation) or subendocardial flow (1.18 + 0.41 ml/g/min control vs 1.19 + 0.37 ml/g/min after ligation). Regional function assessed echocardiographically as percent change in segment area was significantly depressed in these normally perfused adjacent areas (69.5 + 18.8% control vs 52.5 + 19.8% after ligation; p < .01). There was a significant relationship between proximity to border of infarction and degree of adjacent dysfunction (r = .50, p < .01 for echocardiography; r = .70, p < .01 for ultrasonic microcrystals). It is concluded that systolic performance is depressed in nonischemic myocardium directly adjacent to the lateral border of an area of acute myocardial ischemia.
IT IS WELL ESTABLISHED that acute coronary arterial occlusion results in systolic dysfunction of myocardium in the center of the ischemic zone.'-' However, systolic function of myocardium located at the lateral boundary of the ischemic area has been less well characterized. Cox and Vatnert found that segments of myocardium spanning the border of infarction (composed of both infarcted and noninfarcted tissue) demonstrate severe systolic dysfunction, similar to myocardium in the center of the ischemic zone. Furthermore, several clinica1-16 and experimental '7-20 studies have suggested that the total area of dysfunctional myocardium exceeds the area of infarcted myocardium. It has been suggested that this discrepancy may result from a dysfunctional zone of ischemic, but viable, myocardium surrounding the central infarcted 1038 area.'7 However, in studies of myocardial perfusion at the lateral boundary of ischemia during acute coronary arterial occusion in the dog, Murdock et al. 2 ' found that the zone of intermediate hypoperfusion surrounding the central ischemic area was no more than 3.0 mm in width. The question then arises as to whether all dysfunctional tissue in the setting of acute myocardial infarction is ischemic or whether other mechanisms may account for regional dysfunction in border areas.
Furthermore, the possibility that methodologic limitations of techniques available for assessment of regional myocardial performance in humans might result in overestimation of ischemic areas has not been adequately addressed. Specifically, few studies have addressed the correlation between imaging techniques applicable to humans and more precise techniques available for use in experimental preparations, such as ultrasonic microcrystals implanted within the ventricular wall. 22 The purpose of this investigation was to determine whether dysfunction occurs in myocardium directly adjacent to an area of severe myocardial ischemia, and if so, whether this can be attributed to hypoperfusion in this adjacent zone. Both two-dimensional echocardiography and implanted ultrasonic microcrystals were used to evaluate possible technique-related artifacts as the explanation for any discrepancy between the area of dysfunction and the area of ischemia.
Materials and methods
Experimental preparation. Twenty-one adult mongrel dogs were anesthetized with at-chloralose (75 to 100 mg/kg iv) and ventilated by a Harvard respirator with supplemental oxygen to maintain blood gases within the physiologic range. A fluidfilled catheter was advanced via the right femoral artery to the ascending aorta. A No. 6F Millar micromanometer-tipped catheter was advanced to the proximal aorta via the right carotid artery for pressure monitoring. A left thoracotomy was then performed in the fifth intercostal space and the heart suspended in a pericardial sling. A heparin-filled catheter was introduced into the left atrium. Two or three large marginal branches of the left circumflex coronary artery were isolated, and snare-type occluders were placed loosely around them. An optimal echocardiographic cross-sectional plane at the high papillary muscle level was then determined and marked with an anterior epicardial suture and two posterior echogenic markers (see below). Three to four pairs of ultrasonic microcrystals were then implanted circumferentially within the echocardiographic plane. One pair was placed in the center of the myocardium supplied by the marginal vessels and one pair in distant myocardium. One or two pairs were placed just anterior to the anticipated border of infarction (see figure 1 ). Microcrystals were placed 0.5 to 2.0 cm apart, oriented circumferentially, and placed within the inner one-third of the myocardium. A micromanometer-tipped No. 6F Millar catheter was then inserted into the left ventricle via a stab wound in the apical dimple.
Experimental protocol. To determine whether acute implantation of microcrystals had an effect on regional performance, 11 dogs were studied echocardiographically before and after insertion of ultrasonic microcrystals. After completion of surgery, two baseline sets of hemodynamic, echocardiographic, and ultrasonic dimension data were obtained at 10 min intervals. The animals were then premedicated with 40 mg iv of lidocaine, and a cointrol injection of radioactive microspheres was administered via the left atrial catheter. A third baseline set of hemodynamic, ultrasonic dimensional, and echocardiographic data were then recorded. The marginal branches of the circumflex artery were occluded. Five minutes after occlusion, microspheres were again injected and functional and hemodynamic data were recorded. Hemodynamic, ultrasonic dimensional, and echocardiographic data were recorded at 30 mn intervals thereafter, while radioactive microspheres were injected 30 and 90 min after coronary arterial ligation.
Two and one-half hours after coronary arterial occlusion, 250 ml of 2.0% triphenyltetrazolium chloride (TTC) solution was infused into the left atrium over 15 to 20 min.23 During the infusion, dopamine was administered to maintain blood pressure and heart rate near control levels. After infusion of TTC the heart was allowed to fibrillate and was then rapidly excised. The pulmonary veins and aorta were ligated and 4% buffered formalin was infused via the left atrial catheter from a reservoir to maintain a left ventricular distending pressure of 7 mm Hg during fixation. Two-dimensional echocardiographic method. A handheld ATL Mark III 90 degree mechanical sector scanner system was used to perform two-dimensional echocardiographic studies. Cross-sectional echocardiograms were recorded at the midto-high papillary muscle level. Reproducible imaging was obtained by placing the transducer on the anterior epicardial suture and manipulating it until both posterior epicardial markers were visualized (figure 2). Epicardial markers consisted of nine chrome bearings (3/32 inch) fused together as a square 3 x 3 array (dimensions approximately 7 x 7 x 2 mm).24 Ultrasonic microcrystals were also visualized within this plane. Echocardiograms were stored on 3/4 inch video tape and played back on a video monitor at a later date. The echocardiographic electrocardiogram signal was obtained from the strip chart recorder used for hemodynamic and ultrasonic dimension data, providing synchronization of data. End-diastole was defined as the initiation of the upstroke of the left ventricular pressure tracing and endsystole was defined as 20 msec before peak negative dP/dT on the differentiated left ventricular pressure tracing.4 By means of video stop frames, end-diastolic and end-systolic endocardial and epicardial outlines were traced on transparencies. Four sequential beats were traced from each of the three baseline views (12 baseline beats) and all postligation views.
Tracings were further analyzed with the aid of a Hewlett-Packard 9845A desk-top computer and a 9874A digitizing system. During digitization, endocardial end-diastolic and endsystolic outlines were traced and three additional points were designated on the end-diastolic endocardial image. These included: point 1, the midpoint of the anterior wall (halfway between the anterior border of the anterolateral papillary muscle and the junction of the anterior wall with the interventricular septum); point 2, the midlateral wall (the point midway between the lateral insertion of the two papillary muscles); and point 3. the inferoposterior border of the posteromedial papillary muscle (figure 3). A fixed center point was then determined by bisecting the line connecting points 1 and 3. The image was then divided into eight regions. The septal half was divided into four segments of 45 degree central angles each. The angles defined by point l-center-point 2 and point 2-center-point 3 were each bisected to yield four lateral segments. Radii detining these segments intersected and thereby defined corresponding segments on the endocardial end-systolic image. Regional systolic performance was assessed as percent change in segment area:
%CSA t (end-diastolic area-end-systolic area)/end-diastolic area X 100. Global systolic performance was assessed as the percent change in total area from diastole to svstole. Baseline values were taken as the mean of the 12 baseline beats and postligation values were taken as the mean of the 4 beats digitized from each postligation period. Percent endocardial wall motion abnormality (WMA) was determined from computer tracings. A protractor was centered on the computer-generated center point and the number of degrees encompassed by akinesis and/or dyskinesis was determined. Percent WMA was calculated by the formula: c/cWMA = (degrees of WMA/360) x 100. Percent WMA was determined independently by two observers for the last 10 consecutive beats digitized, and the mean value was calculated.
Echocardiographic reproducibility. For analysis of interobserver variability, two observers independently traced and digitized 3 beats from each of seven dogs (total of 21 observations). Interobserver error in drawine diastolic and systolic endocardial outlines and change in total area was determined by dividing the absolute value of the difference between observers by the mean of two observations: The interobserver difference for secondarily derived regional data was defined as the "raw" interobserver difference in perc ent area change for the same segment, according to the method of Moynihan et al.25
Intraobserver error was determined for two observers who each traced and digitized the same beat twice for each of seven dogs. Again. intraobserver error for global measurements was taken as the difference between the observers two values divided by the mean of the two values. Intraobserver difference for percent change in regional areas was again defined as the raw difference between the two values for the same segment. To assess the baseline variation in function over a 60 min period. global and regional data from baseline views obtained before and after insertion of microcrystals were compared by the same format.
To assess total variability of baseline echocardiographic views (including beat-to-beat and view-to-view variability). data from 15 dogs in which the same cross-sectional plane was imaged on three separate occasions in the baseline state were analyzed. Four beats were traced and digitized from each of the three views ( 12 beats per dog). and a mean and SD were calculated for each segment for each dog.
Sonomicrometer technique. An ultrasonic dimension system (Schuessler and Associates. Model 401) was used to assess changes in segment length with ultrasonic microcrystals as described by Theroux et al. ' Hemodynamic and ultrasonic dimensional data were recorded on a Hewlett-Packard Model 8800 direct-writing oscillograph.
Tissue processing and determinations of myocardial blood flow. After fixation, the heart was weighed and sectioned into transverse rings 1 cm thick. The ring of interest was centered on the plane defined by the anterior epicardial suture and the posterior epicardial markers and therefore represented the echocardiographic plane. This ring also contained the pairs of ultrasonic microcrystals. Epicardial and endocardial outlines, borders of TTC staining, and locations of ultrasonic crystals were then traced on a transparency. Tracings were made of both the apical and basilar aspects of each slice. The distance of each crystal of the adjacent crystal pair from the border of staining was measured and the mean value calculated.
The relative amount of myocardium not staining for TTC was determined by two methods. For determination of percent crosssectional area not staining for TTC (%cCSA), the epicardial. endocardial. and unstained areas were determined by planimetry. Percent cross-sectional area unstained was calculated by the formula: %cCSA = unstained area/(epicardial areaendocardial area) x 100. For determination of percent endocardial border unstained (C/cEndo), a protractor was centered on the midpoint of the tracing, and the number of degrees encompassed by unstained endocardium was determined. Percent unstained endocardial surface was calculated by the formula: %Endo = (degrees unstained subendocardium/360) x 100. For both methods, values were determined for both the basilar and apical aspects of each myocardial slice, and the mean of the two values was calculated for each slice.
The myocardial slice was then divided into eight segments based on the same method used for analysis of echocardiograms. Segments containing pairs of microcrystals were divided into two portions, one with microcrystals and the other without, to allow analysis of blood flow by both echo region and microcrystal pair. The distance between borders of each adjacent segment and the edge of TTC staining was noted. Myocardial segments were then divided into endocardial, midwall. and epicardial thirds, and all segments were weighed and placed in vials for counting of radioactivity.
Determination of myocardial blood flow. Myocardial blood flow was determined with the use of 15 ,um diameter microspheres 1040 cm A. labeled with gamma-emitting radionuclides (1`51, 91Cr, 85Sr, 95Nb, "-3Sn, and 46Sc). Microspheres were diluted with 10% low-molecular weight dextran so that the volume injected (1.5 ml) contained approximately 3 x 106 microspheres. Before injection, microspheres were agitated in an ultrasonic bath for at least 15 min.
Blood for determination of reference flow was withdrawn from the femoral artery at a constant rate of 15 ml/min, beginning 5 sec before injection and continuing for 90 sec. Microspheres were injected into the left atrium over 15 sec and the catheter was flushed with 10 ml of isotonic saline.
Myocardial and reference blood flow samples were counted in a gamma spectrometer at windows selected to correspond to the peak energies of each radionuclide. Activity recorded in each window was corrected for background activity and -spillover" activity from accompanying isotopes with a digital computer. 27 Blood flow (ml/min) to each sample was computed with the formula: FM FR CM/CR, where CM = counts/minute of the myocardial sample, CR = counts/minute of the reference flow sample, FM = flow to the myocardial sample, and FR = reference flow. Each sample blood flow (ml/min) was divided by the sample weight and expressed as milliliters per minute per gram of myocardium.
Data analysis. Myocardial segments were divided into groups based on their relationship to the border of TTC staining. These borders were frequently irregular, reflecting the threedimensional flow distribution of the circumflex coronary artery. Thus the unstained area was frequently larger at the basilar aspect of a myocardial slice than at the apical aspect. In the great majority of cases, the area of myocardium not staining for TTC was subendocardial in location. The following definitions were used in the analysis: ( 1) Ischemic segments were those segments in which the entire endocardial border did not stain with TTC or those containing a narrow rim (less or equal to 3 mm) of stained endocardium at a portion of the lateral border. (2) Border zone segments were those segments that included both stained and unstained endocardium (4% to 92% of the endocardial border was unstained with a mean of 48 + 27%). (3) Adjacent segments were those segments that stained completely for TTC but were adjacent to the border of staining or border segments. Care was taken not to include segments with any unstained myocardium in the adjacent group. The nearest border of these segments was 0 to 10 mm from the border of staining. (4) Distant segments were those segments staining completely with TTC whose nearest border was greater than 10 mm from the border of TTC staining.
Hemodynamic data, blood flow values, and sonomicrometer values before and after ligation were compared by paired t tests with the Bonferroni correction for multiple simultaneous comparisons.28 Intergroup comparisons of echocardiographic function before and after ligation were made with a one-way analysis of variance. When an overall difference was found, individual differences were tested by the Newman-Keuls method. All regressions were performed by linear regression (least-squares) analysis. Simultaneous assessment of the effects of distance from the border of infarction and size of unstained area on adjacent function was performed by multivariate analysis of variance. All values are given as mean + SD.
Results
Reproducibility of echocardiographic methods. The mean interobserver error was 3.8 + 4.3% for total end-diastolic area and 5.8 ± 8.8% for total end-systolic area. The mean interobserver error for percent systolic change in total area was 3.2 + 3.1%. Interobserver differences were greater for secondarily derived Vol. 71, No. 5, May 1985 regional data, with a mean interobserver difference of 6.7 + 5.8% for all segments combined. There was some regional variation in interobserver differences, with segments 4 and 6 showing the greatest interobserver differences.
Intraobserver error was less than interobserver error. The mean intraobserver error was 2.1 ± 1.8% for total end-diastolic area and 2.9 + 3.5% for total endsystolic area. The mean intraobserver error for percent systolic change in total area was 2.9 + 2.7%. The mean intraobserver difference for changes in regional area was 3.9 ± 4. 1%. The regional distribution of these differences was similar to that of interobserver differences, with regions 4 and 6 again showing the greatest degree of intraobserver difference. Baseline function varied somewhat over the 60 min period required for insertion of microcrystals, with a mean difference in percent change in total area of 6.7 ± 6% and mean difference in percent change in regional area of 9.7 ± 8.4% between the first and last studies. However, there were no consistent directional changes during this period. ECHOCARDIOGRAPHIC SEGMENT FIGURE 4 . Baseline percent change in segment area (mean + SD) for the echocardiographic segments i to 8 in 15 dogs (location of segments depicted in figure 3 ). *Less than segments 1, 2, 3, 4, and 8 (p < .05). tLess than segments 1, 2, 3, 4, 5, 7, and 8 (p < .05). Technical problems. Three dogs died of early ventricular fibrillation. In two dogs adequate echocardiographic data were not obtained. Thus complete data were obtained in 16 dogs. Because of ventricular arrhythmias in the early postligation period, there was difficulty in obtaining simultaneous echocardiographic and ultrasonic microcrystal measurements at the 5 min interval after ligation. Since hemodynamic, echocardiographic, sonomicrometer, and blood flow data did not significantly change between 5 and 120 min after ligation, data from 30 min after ligation are presented. Hemodynamic data. There was a nonsignificant increase in heart rate after ligation (121 ± 32 to 128 ± 35 beats/min). There was no change in left ventricular systolic pressure (118 ± 19 to 116 ± 17 mm Hg), left ventricular end-diastolic pressure (6.8 4.6 to 8.6 ± 5.6 mm Hg), mean aortic pressure (107 ±18 to 105 ± 17 mm Hg), or aortic diastolic pressure (95 ± 18 to 96 16 mm Hg). Regional myocardial blood flow. Regional myocardial blood flow values by echocardiographic segment at baseline and 30 min after ligation are depicted in figure  5 . There was a significant reduction in both mean transmural blood flow and subendocardial flow to the ischemic segments (p < .001). Distant and adjacent zones demonstrated no significant changes in any index of regional myocardial blood flow. Border zone segments demonstrated intermediate reductions in transmural and subendocardial flow, as expected on the basis of their heterogeneous staining. Values of regional myocardial blood flow to ultrasonic microcrystal pairs are presented in table 1. Again there was a severe reduction in flow to ischemic segments but no change in flow to distant or adjacent segments. There was no relationship between the distance of an adjacent segment from the lateral border of staining and either inean transmural or subendocardial flow. This was true for blood flow analyzed by either echocardiographic segments or microcrystal pairs. The absence of TTC staining therefore appeared to correlate well with the presence of tissue hypoperfusion as determined by radioactive microspheres.
Echocardiographic assessment of regional ventricular function. Figure 6 depicts the postligation function of segments grouped according to their relationship to the border of TTC staining (ischemic, border zone, adjacent, or distant). There were no significant differences in the baseline performance of these groups. After coronary ligation, however, there was marked depression of performance in the ischemic segments (75.8 + 8.6 to -7.5 ± 16.0% change in area; p < .0001). In border and adjacent areas there were moderate but significant decreases in percent change in area (69.1 ± 18.8% to 20.9 ± 23.3%, p < .001; 69.5 ± 18.6% to 52.5 ± 19.8%, p < .01, respectively). There was no significant change in the distant segments (70.6 ± 15.6% to 70.6 ± 13.0%). When the border segments were excluded, the echocardiographic method demonstrated a 100% sensitivity and 98% specificity for unstained myocardium, with a value of 20% change in segment area used to differentiate ischemic from nonischemic segments. With a value of 40% (mean of all baseline values -2 SDs) to differentiate "normal" (distant and adjacent) from "abnormal" (border zone and ischemic) segments, the echocardiographic method demonstrated an 89% sensitivity and 94% specificity. The echocardiographic method therefore demonstrated fairly good separation of ischemic from nonischemic tissue, despite showing a reduction of systolic performance of those normally perfused areas immediately adjacent to the ischemic area.
The mean distance of all adjacent echocardiographic segments from the border of staining was 9.6 ± 2.3 mm. When the distance of an echocardiographic segment from the lateral border of staining was plotted against the postligation function of that segment (expressed as percent of the baseline value), a fairly weak although statistically significant correlation was observed (r = .50, p < 001) ( figure 7) . However, there remained substantial variability in function adjacent to the ischemic area, which could not be explained on the basis of distance from the border of staining. This could not be explained by variations in the size of the ischemic area, since no correlation existed between either measure of amount of unstained myocardium and adjacent segment function.
Echocardiographic assessment of size of ischemic zone.
The two techniques (%CSA and %Endo) for determination of the relative amount of unstained myocardial in each slice correlated fairly well (r = .73, p < .001). Ischemic areas were fairly small (mean %CSA unstained, 17.1 + 4.7; mean %Endo unstained, 26.5 + 5.8). The percent of the endocardial border with a severe wall motion abnormality determined echocardiographically correlated moderately well with percent endocardium not staining for TTC (r = .78, p < .005). The regression equation suggests that the echocardiogram (ECHO) slightly underestimated the size of small ischemic areas determined pathologically (PATH) and overestimated large ischemic areas (PATH) = 0.48 ECHO + 13.5). Total cavity area (area encompassed by the endocardial borders) determined echocardiographically correlated well with that determined from the fixed myocardial slices (r = .84; ECHO = 0.70 PATH + 2.4 cm; SEE = 1.49 cm2).
Ultrasonic microcrystals. Implantation of ultrasonic microcrystals had no effect on global performance measured echocardiographically (68.7 + 10.6 before implantation vs 72.7 ± 11.6% after). There was no 
value. Classification is for echocardiographic segments and is
To determine whether proximity to the ischemic zone e as in figure 5 .
correlated with more severe dysfunction, segment shortening after ligation (expressed as percent of preliin regional performance in those segments in gation percent shortening) was plotted against mean crystals were inserted (76.7 ± 13.2% to 78.7 distance of the crystal pair from the border of infarc-4%) or in those segments in which microcrystals tion. As shown in figure 10 , a relatively weak but lot inserted (63.9 ± 15.1% to 68.1 ± 16.7%). significant relationship was found. Dysfunction was correlation between changes in ultrasonic minoted in those segments closest to the ischemic border, stal and echocardiographic measures of regional whereas shortening was greater than baseline in those rn after coronary ligation was fairly good (see segments farthest from the border. To exclude alter-8). However, ultrasonic microcrystal data tendations in blood flow as the explanation for this phe-,how a greater degree of depression in ischemic nomenon, only those pairs of crystals with a mean nts and greater increases in performance in the distance of less than 9 mm from the border of the nonischemic segments after ligation. It should ischemia were further analyzed. These demonstrated a ed that all echocardiographic segments containstatistically significant decrease in segment shortening crocrystals were used for this analysis. Discrep-(11.8 ± 3.1% to 9.6 ± 5.0%; p < .05) after ligation. However, there was no change in mean transmural flow (1.13 ± 0.38 to 1.07 ± 0.25 ml/g/min), subendocardial flow (1.12 + 0.36 to 1.16 + 0.34 ml/g/min), or the ratio of subendocardial to subepicardial flow (0.94 ± 0.18 to 1.23 ± 0.41).
Discussion
The purpose of this study was to characterize blood flow and regional function at the border of ischemia; both clinical and standard experimental methods were used to assess regional function. The major finding was that a reduction in systolic performance occurs in normally perfused myocardium adjacent to the area of ischemia. This was demonstrated with both two-dimensional echocardiography and ultrasonic microcrystals. Although the overall correlation between echocardiography and ultrasonic microcrystals was fairly good, echocardiography appeared to demonstrate somewhat more severe dysfunction in adjacent tissue.
Preliminary observations obtained with two-dimensional echocardiography to assess wall thickening29 and radial shortening30 are consistent with our findings of dysfunction in nonischemic adjacent myocardium.
Kerber et al.,31 using M mode echocardiography, found decreased thickening of nonischemic portions of the interventricular septum after ligation of the left anterior descending artery. Guth et al. 32 have noted similar findings with implanted ultrasonic microcrystals to measure wall thickening. Several mechanisms might be responsible for dysfunction of viable tissue adjacent to an occluded artery. These include ischemia of the adjacent tissue, tethering influences and increased wall stresses in border regions.
The absence of significant hypoperfusion in adjacent areas excludes the possibility of a large moderately ischemic zone with abnormal function at the lateral margin of the densely ischemic zone. The nearest border of adjacent segments was usually several millimeters or more from the border of TTC staining in this study. Thus our findings were consistent with those of other studies demonstrating at most a narrow (0 to 3 mm) area of moderate hypoperfusion at the lateral margin of an ischemic zone.21' 33 34 Although we did not assess high-energy phosphate stores or biochemical markers of ischemia in adjacent areas, Yellon et al. 31 have demonstrated sharp transitions in myocardial ATP, creatine phosphate, and lactate concentrations at the lateral border of ischemia. Thus they found no biochemical evidence of ischemia in adjacent myocardium.
Significant "tethering effects" have been postulated to occur when areas of nonischemic myocardium are in physical continuity with areas of dysfunctional ischemic myocardium.20' 36 Wyatt et al.20 suggested that ischemic muscle fibers parallel to nonischemic muscle fibers might function as a parallel resistance, resulting in impaired shortening of adjacent normal fibers. In that study, regional function was measured by circumferentially oriented strain gauges placed in adjacent tissue proximal to a ligation of the mid left anterior descending artery. Circumferentially oriented fibers in the midwall produced most of the shortening measured by these gauges and were oriented parallel to the border of infarction.37 Thus "side-by-side" tethering of circumferential ischemic fibers to adjacent nonischemic fibers could explain their findings. The current preparation was different in that ultrasonic crystal pairs were also oriented circumferentially, but the border between ischemic and nonischemic myocardium was oriented from base to apex. Thus circumferentially oriented fibers responsible for microcrystal shortening were oriented perpendicular to the border of infarction; nonischemic fibers in the distribution of the left anterior descending artery were "in series" with circumferentially oriented ischemic fibers in the region of the left circumflex coronary artery. This end-to-end rather than side-to-side arrangement of fibers would minimize the effect of physical tethering. Subendocardial and subepicardial fibers did run more parallel to the border of ischemia, but these fibers would be expected to contribute little to the circumferential shortening measured by the ultrasonic crystals. They may contribute to wall thickening, however, and tethering of these fibers may thus explain part of the discrepancy between the echocardiographic and sonomicrometer data. Abnormalities of regional wall stress resulting from ischemic dysfunction could contribute to apparent dysfunction of myocardium adjacent to the area of infarction. Juxtaposition of normally and abnormally contracting areas would result in an abnorrnal radius of curvature of border areas, and hence large systolic wall stresses. Normally perfused adjacent myocardium subjected to these increased stresses may demonstrate reduced systolic shortening despite adequate contractility. The theoretical model of Bogen et al38 predicts increased wall stress in areas immediately adjacent to an infarct and furthermore suggests that adjacent zone stress would be relatively independent of infarct size. This is compatible with our failure to demonstrate a relationship between severity of adjacent zone dysfunction and size of the ischemic zone. Their study also suggested that adjacent zone stresses might de-crease with increasing infarct stiffness, suggesting that our findings might not apply to chronic infarcts.
It is not known whether dysfunction of an adjacent crystal pair reflects primarily dysfunction of the myocardium in the immediate vicinity of the member of the pair nearest the ischemic zone, or whether it represents the "average" function of the entire segment of myocardium between the two crystals. Thus the experimental protocol used in this study does not permit characterization of the dimensions of the hypofunctional zone adjacent to the area of ischemia.
This study used two-dimensional echocardiography as one method of assessing regional left ventricular performance. Since all echocardiographic analytic systems are to some extent arbitrary, these data must be interpreted with caution. For example, the finding of somewhat lower baseline function in the inferoseptal regions could be related in part to the method of determining a central point, or regional subdivision. Interestingly, Haendchen et al.39 also noted diminished inferoseptal baseline function in anesthetized dogs with a different analytic system. Although we did not correct for rotation of the heart, Schnittger et al. 40 found that at the papillary muscle level, a fixed reference system without correction for translational or rotary motion is optimal. Furthermore, Ingels et al.4`have demonstrated only minimal rotary motion in the middle portion of the left ventricle. Two echocardiographic studies have suggested that wall thickening may be more specific than endocardial motion for demonstrating myocardial necrosis. 17, 42 Although use of endocardial motion to assess regional performance may potentially represent a limitation of our study, our data relating the area of dysfunction to area of ischemia are quite similar to those obtained in studies using wall thickening. '7' 18, 42, 43 In this study, consistency of echocardiographic imaging and correlation with pathologic material was achieved with echogenic markers. In addition, fixation at physiologic intracavitary pressure and echocardiographic analysis based in part on endocardial landmarks facilitated correlation of echocardiographic and pathologic data. Finally, the transducer was placed on the heart during echocardiography, avoiding artifacts caused by translational cardiac motion. These technical considerations may explain the relatively high specificity of the echocardiographic method used in this study.
To further evaluate the echocardiographic technique, regional function was simultaneously assessed with ultrasonic microcrystals. Pandian and Kerber22 have previously compared wall thickening by twodimensional echocardiography and ultrasonic micro-crystals during myocardial ischemia. Although there was good qualitative correlation between the two methods, quantitative differences were noted. In that study, both the baseline percent thickening and the degree of ischemic dysfunction were greater with the echocardiographic method. In our study, changes in endocardial motion determined echocardiographically were compared with changes in segment shortening determined by ultrasonic microcrystals. These two indexes measure different aspects of regional myocardial function; segment shortening reflects primarily circumferential fiber contraction, whereas both circumferentially and longitudinally oriented fibers contribute to endocardial motion. The echocardiographic method appeared to demonstrate less hyperkinesis in distant areas, less dysfunction in ischemic areas, and more dysfunction in adjacent areas. Nevertheless both techniques demonstrated decreased function in adjacent nonischemic myocardium.
In conclusion, both experimental and clinical techniques used to assess regional myocardial function demonstrate areas of abnormal function adjacent to the area of ischemia. Although echocardiography was used in this study, these findings are probably also applicable to other methods that measure endocardial motion, such as contrast ventriculography or radionuclide ventriculography. It should be noted, however, that the degree of dysfunction of adjacent nonischemic tissue was mild and that the extent of severe dysfunction did provide a reasonably good estimate of the size of the ischemic zone.
